Prostate cancer is the most commonly diagnosed cancer in men with African American men disproportionally suffering from the burden of this disease. Biomarkers that could discriminate indolent from aggressive and drug resistance disease are lacking. MicroRNAs are small non-coding RNAs that affect numerous physiological and pathological processes, including cancer development and have been suggested as biomarkers and therapeutic targets. In the present study, we investigated the role of miR-214 on prostate cancer cell survival/migration/invasion, cell cycle regulation, and apoptosis. miR-214 was differentially expressed between Caucasian and African American prostate cancer cells. Importantly, miR-214 overexpression in prostate cancer cells induced apoptosis, inhibiting cell proliferation and colony forming ability. miR-214 expression in prostate cancer cells also inhibited cell migration and 3D spheroid invasion. Mechanistically, miR-214 inhibited prostate cancer cell proliferation by targeting protein tyrosine kinase 6 (PTK6). Restoration of PTK6 expression attenuated the inhibitory effect of miR-214 on cell proliferation. Moreover, simultaneous inhibition of PTK6 by ibrutinib and miR-214 significantly reduced cell proliferation/survival. Our data indicates that miR-214 could act as a tumor suppressor in prostate cancer and could potentially be utilized as a biomarker and therapeutic target.
Results

miR-214 inhibits prostate cancer cell viability and colony formation.
To determine the biological functions of miR-214 in prostate cells, we first used RT/qPCR to quantify miR-214 expression in the transformed-immortalized human prostate cell line (RWPE-2) and different PCa cell lines (PC3, DU145, MDA-PCa-2b, and LNCaP; Fig. 1A ). miR-214 was differentially expressed in PCa cells. Specifically, African-American MDA-PCa-2b PCa cells expressed significantly lower miR-214 than Caucasian PCa cells PC3, DU145, and LNCaP (Fig. 1A) . To explore the potential role of miR-214 in the PCa progression, RWPE-2, PC3, DU145, MDA-PCa-2b, and LNCaP cells were transiently transfected with miR-214 or NC (negative control) mimics, and the expression levels of miR-214 were measured by RT/qPCR. We observed that miR-214 was significantly increased in the miR-214 mimic group compared to NC mimic (Fig. 1B) , confirming the miRNA mimic transfection efficiency. The results of a cell proliferation/viability assay 48 h post-transfection revealed that miR-214 overexpression dramatically suppressed the proliferation and viability of PC3, DU145, and MDA-PCa-2b cells compared with the NC mimic group, while proliferation was significantly increased in the LNCaP and RWPE-2 cells (Fig. 1C) . Similarly, time-dependent miR-214 overexpression (24 to 72 h) inhibited cell proliferation in PC3, DU145, and MDA-PCa-2b cells compared with NC-transfected cells, but increased cell proliferation in RWPE-2 cells and did not affect LNCaP cells at 72 h. (Fig. 1D ). We also examined how miR-214 overexpression affected cell colony formation (Fig. 1E , left and right panels). In RWPE-2, PC3, DU145, and MDA-PCa-2b cells, miR-214 overexpression limited cell colony formation (83.9%, 45.1%, 54.2%, and 56.9%, respectively) over a period of 5-7 days compared with NC-transfected cells (Fig. 1E , left and right panels). Interestingly, no significant effects of miR-214 on the clonogenic potential of LNCaP cells were observed ( Fig. 1E, right panel) . Collectively, these data suggested that miR-214 inhibits cell proliferation and clonogenic potential in PC3, DU145, and MDA-PCa-2b PCa cells, but not in RWPE-2 and LNCaP cells. miR-214 induces G 0 /G 1 and G 2 /M cell cycle arrest and increases cell apoptosis in prostate cancer cells. We next examined the molecular mechanisms by which miR-214 modulated cell growth/proliferation. First, we determined how miR-214 overexpression affected cell cycle progression in PCa cells using propidium iodide (PI) staining. Overexpression of miR-214 in RWPE-2, PC3, DU145, and MDA-PCa-2b cells, significantly altered the cell cycle phases, particularly G 0 /G 1 and G 2 /M, compared with NC-transfected cells ( Fig. 2A) . Specifically, miR-214 overexpression significantly increased the percentage of cells in G 0 /G 1 (PC3, 12.7%; DU145, 11 .41%) and G 2 /M (RWPE-2, 13.13%; MDA-PCa-2b, 16 .87%) compared with NC-transfected cells. These results indicated that miR-214 overexpression prevented the G 1 -to-S phase transition in PC3 and DU145 cells, thus inhibiting cell proliferation through G 0 /G 1 cell cycle arrest. We also observed an increase in G 2 /M phase in MDA-PCa-2b and RWPE-2 cells suggesting cell-specific cell cycle regulatory mechanisms ( Fig. 2A) .
Because miR-214 inhibited cell proliferation and induced cell cycle arrest, we further analyzed the effect of miR-214 overexpression on cell apoptosis (Fig. 2B , left and right panels). Fluorescence-activated cell sorting (FACS) analysis demonstrated that miR-214 overexpression significantly increased the percentage of apoptotic (Annexin V+ ) PC3 (4.4%), DU145 (3.88%), and MDA-PCa-2b (6.23%) cells compared with NC-transfected cells. However, this effect was not observed in RWPE-2 cells (Fig. 2B , left and right panels). Furthermore, miR-214-transfected cells when treated with the anti-cancer drug, Docetaxel (DTX), significantly increased the percentage of apoptotic cells compared with NC-transfected and DTX-treated PCa cells (Fig. 2B , left and right panels). Western blotting results showed increased expression of cleaved PARP (c-PARP) in the miR-214-transfected PC3, DU145, and MDA-PCa-2b cells compared to the NC-transfected cells (Fig. 2C, lanes 1 & 2) . Combining miR-214 overexpression and treatment with DTX or doxorubicin (DOX, cell apoptosis-inducing reagent) also increased c-PARP expression compared with NC-transfected and DTX-or DOX-treated PC3, DU145, and MDA-PCa-2b cells (Fig. 2C , . These data strongly suggested that miR-214 regulates the cell cycle and induces apoptosis in PCa cells.
miR-214 inhibits cell migration and invasion by regulating EMT markers.
We evaluated the effects of miR-214 overexpression on PCa cell migration and invasion using wound healing migration, matrigel invasion, and 3D spheroid formation assays. The wound healing migration assay revealed that overexpressing miR-214 significantly inhibited cell migration and wound closure in RWPE-2 (50.4%), PC3 (46.2%), DU145 (42.7%), and MDA-PCa-2b cells (82.5%) (Fig. 3A , upper and lower panels). To elucidate the effects of miR-214 on PCa cell invasion, we next compared cells transfected with NC or miR-214 mimic for their ability to form spheroids in 3D culture and invade the surrounding extracellular matrix (ECM). miR-214 overexpression dramatically reduced 3D cell invasion in RWPE-2 (90%), PC3 (83.3%) and MDA-PCa-2b (28%) cells compared with NC-transfected cells; however, miR-214 did not affect DU145 3D cell invasion ( Fig. 3B , upper and lower panels). We also evaluated the effects of miR-214 on the invasion of PC3 cells using a trans-well invasion assay ( Fig. 3C ). This assay clearly demonstrated that miR-214 overexpression significantly decreased PC3 cell invasion (71.3%) compared with NC-transfected cells (Fig. 3C , upper and lower panels).
EMT markers also play important roles in cell migration and invasion and decreased levels of E-cadherin (EMT Marker) are associated with high prostate tumor grade and poor prognosis 41 . Zheng et al. showed that high levels of PTK6 predict poor prognosis in patients with PCa and PTK6 levels are inversely correlated with E-Cadherin expression in metastatic PCa 41 . Because we observed that miR-214 overexpression decreased PC3 cell migration and invasion, we also evaluated how miR-214 overexpression affected the expression of the EMT markers, E-Cadherin and N-Cadherin, using immunofluorescence and immunoblotting ( Fig. 3D ,E). Our immunofluorescence data suggested that miR-214 overexpression in PC3 cells significantly increased E-Cadherin expression, while slightly decreasing N-Cadherin relative to NC-transfected cells (Fig. 3D , upper and lower panels). Immunoblotting data confirmed this effect (Fig. 3E , left and right panels). These data suggested that miR-214 inhibits cell migration and invasion by regulating EMT markers in PCa cells.
miR-214 targets the 3′UTR region of PTK6 and inhibits PTK6 expression. Because miRNA-214
targets numerous oncogenes and tumor suppressor genes involved in human cancer, we used TargetScan, an online software tool (http://www.targetscan.org/vert_72/: accessed May 10, 2018), to predict possible miR-214-binding targets. The TargetScan analysis revealed that miR-214 potentially binds two regions of the 3′UTR (28-35 and 201-207) of PTK6 mRNA (Fig. 4A ). To determine whether miR-214 binds directly with the PTK6-3′UTR, we co-transfected PC3 cells with miR-214, NC, or miR-214-mutated-oligonucleotide mimics and a light-switch reporter plasmid that contained a region of full-length 3′UTR of PTK6, which harbors the miR-214 target site. We then performed a reporter luciferase assay, which clearly showed that the wild-type miR-214 mimic significantly decreased (32.5%) luciferase activity relative to the NC mimic ( Fig. 4B) . Alternatively, the mutant miR-214 mimic was unable to bind with the PTK6-3′UTR and suppress luciferase activity compared with wild-type miR-214-transfected cells, suggesting that miR-214 targets the PTK6-3′UTR (Fig. 4B ). We also examined how miR-214 mimic transfection affected PTK6 mRNA levels using RT/qPCR ( Fig. 4C ) and PTK6 protein www.nature.com/scientificreports www.nature.com/scientificreports/ levels by immunoblotting ( Fig. 4D ). RT/qPCR and immunoblotting data both showed that miR-214 transfection downregulated PTK6 mRNA and protein expression in PC3, DU145, and MDA-PCa-2b cells compared with NC-transfected cells; however, miR-214 transfection did not suppress PTK6 mRNA and protein levels in RWPE-2 cells ( Fig. 4C ,D). Immunofluorescence analysis of PC3 cells also showed that miR-214 transfection decreased PTK6 expression relative to NC-transfected cells ( Fig. 4E ). Thus, miR-214 negatively regulates PTK6 protein expression by targeting the PTK6-3′UTR.
Since miR-214 negatively regulates endogenous PTK6 protein, we next overexpressed PTK6 and examined the association between ectopic PTK6 expression on cell viability/proliferation in PCa cells. Immunoblotting data demonstrated overexpression of PTK6 protein in all indicated cells lines compared to empty vector transfected cells ( 33, 38, 42 , and our data suggested that PTK6 increases cell viability/proliferation. Since miR-214 targets PTK6 expression, we further investigated whether PTK6 overexpression could attenuate the effects of miR-214 on PCa cell survival. To test this, we co-transfected PC3, MDA-PCa-2b, and LNCaP cells with empty vector or PTK6 cDNA plasmid and NC mimic or miR-214 mimic and cell lysates were then immunoblotted ( Fig. 5A ). As expected, PTK6 transfection increased exogenous PTK6 levels compared with empty vector-transfected cells in all three cell lines. PTK6 and miR-214 co-transfection decreased the levels of endogenous PTK6 protein in PC3 and MDA-PCa-2b cells compared with PTK6 and NC mimic transfected cells, and, miR-214 mimic transfection did not affect the exogenous expression of PTK6 protein in MDA-PCa-2b cells (Fig. 5A , left two panels). Under similar experimental conditions, the effect of miR-214 and PTK6 on cell survival and cell colony formation were analyzed ( Fig. 5B ,C left two panels). As expected, miR-214 overexpression alone inhibited cell viability in PC3 (28.0%) and MDA-PCa-2b (24.1%) cells. Interestingly, co-transfecting with miR-214 in PTK6 overexpressing cells decreased and increased www.nature.com/scientificreports www.nature.com/scientificreports/ cell viability/survival in PC3 and MDA-PCa-2b cells respectively (Fig. 5B , left two panels) compared to the NC mimic and PTK6 overexpressing cells. These results suggested that although miR-214 inhibited the expression of endogenous PTK6, cDNA-mediated expression of PTK6 (exogenous) restored cell survival in MDA-PCa-2b cells (Fig. 5B, middle panel) . Similarly, miR-214 overexpression inhibited colony formation in PC3 (66.9%) and MDA-PCa-2b (25.3%) cells, while combined PTK6 and miR-214 overexpression restored cell clonogenicity significantly in MDA-PCa-2b cells, but not in PC3 cells (Fig. 5C , left two panels). However, in LNCaP cells, which expressed lower/undetectable levels of endogenous PTK6 compared with PC3 and MDA-PCa-2b cells ( Fig. 5A  right upper panel) , overexpressing miR-214 alone or miR-214 and PTK6 did not significantly inhibit cell survival, but decreased cell colony formation ( Fig. 5B,C, right panels) . Altogether, these results demonstrated that miR-214 inhibits cell proliferation and cell growth by downregulating PTK6 in PCa cells.
miR-214 downregulates PTK6 and inhibits cell proliferation and cell colony formation in prostate cancer cells. PTK6 induces oncogenic signaling in PCa
miR-214 sensitizes prostate cancer cells to ibrutinib by targeting PTK6. Ibrutinib (IBT) is an
irreversible inhibitor of Bruton's Tyrosine Kinase (BTK) that was initially developed and approved to treat B-cell malignancies such as Mantle Cell Lymphoma (MCL) and Chronic Lymphocytic Leukemia (CLL) [43] [44] [45] . It is currently used in the phase II clinical trial to treat PCa (NCT02643667). IBT was previously shown to inhibit cell proliferation and induce apoptosis by targeting BTK in PCa cells 46 . We tested the effect of IBT on kinase inhibition using an in vitro kinase assay as described previously 47 . The data demonstrated that IBT selectively inactivates 92% of PTK6 (BRK) activity and also inactivates more than 99% activity of other Src kinases such as BTK and BLK (BLK proto-oncogene, Src family tyrosine kinase) ( Fig. 6A) . To test the effect of IBT on PCa cell growth, we used our four PCa cell lines and transformed-immortalized prostate cells (RWPE-2). Dose-dependent treatment of RWPE-2, PC3, DU145, MDA-PCa-2b, and LNCaP cells with IBT significantly reduced cell viability (30% to 70%) compared with vehicle-treated cells, suggesting that inhibiting endogenous PTK6 with IBT may trigger cell death in prostate cells (Fig. 6B) .
To assess whether miR-214 affected IBT sensitivity in PCa cells, we then transiently transfected these cells with miR-214 and treated them with varying concentrations of IBT (1-30 µM) for 48 h. Compared to the NC www.nature.com/scientificreports www.nature.com/scientificreports/ mimic, miR-214 overexpression significantly reduced the viability of PC3, DU145, and MDA-PCa-2b cells by 37.7%, 26.6%, and 40.6%, respectively, at a concentration of 20 µM IBT (Fig. 6C) . IBT significantly decreased cell viability in LNCaP cells ( Fig. 6B ) but we did not observe any effect of miR-214 overexpression on IBT sensitivity in LNCaP cells (Fig. 6C ). This may be due to LNCaP cells expressing undetectable/lower PTK6 levels compared with PC3, DU145, or MDA-PCa-2b cells. Collectively the data suggested that miR-214 sensitizes PCa cells to IBT by targeting PTK6.
Discussion
Proliferation, migration, and invasion are prominent biological characteristics of tumor progression, contributing to metastasis, drug resistance, and high mortality rates in PCa. Despite recent therapeutic advances, there is still a lack of discriminatory biomarkers and effective drug regimens, decreasing survival 4 . There is an unmet need for more sensitive and specific biomarkers in addition to PSA. Recent studies have highlighted the multifunctional roles of miRNAs in the risk, development, and progression of many cancers [48] [49] [50] [51] [52] [53] , including PCa 8 . In the present study, we investigated the biological functions of miR-214 in PCa cells. Our data indicates that miR-214 is differentially expressed between Caucasian and African-American PCa cells and the lower expression of miR-214 could contribute to the aggressiveness associated with the health disparity in African American patients with prostate cancer. African American men have disproportionately high incidence and mortality rates of prostate cancer when compared to Caucasian men 5, 54, 55 . The identification of molecular factors/mechanisms that contribute to this health disparity could improve diagnosis and therapeutic outcomes. miR-214 overexpression resulted in cell cycle arrest, decreased cell viability, and clonogenicity in PC3, DU145, and MDA-PCa-2b PCa cells. We also observed inhibition of epithelial-mesenchymal transition (EMT) related processes such as migration, and 3D invasion along with modulation of EMT markers. Our data corroborates with previous studies that have shown that miR-214 overexpression plays a role in tumor cell proliferation, growth and invasion, and tumor progression and metastasis 22, 25, 27, 28, 31, 56 .
miR-214 modulates cancer development and progression by targeting different target genes and signaling pathways 21 . Here, we show that miR-214 targets and binds the 3′UTR region of protein tyrosine kinase 6 (PTK6), thereby reducing PTK6 expression. PTK6 is known to regulate cell survival, differentiation, and metastasis. Increased expression and an oncogenic role of PTK6 has been shown in multiple cancers including PCa 33,34,57,58 . www.nature.com/scientificreports www.nature.com/scientificreports/ In PCa, PTK6 overexpression is associated with cell growth, metastasis, and poor prognosis 33, 39, 41, 59 . Differences in PTK6 intracellular localization have been observed in prostate tumor cells. Specifically, PTK6 localizes to the nucleus of normal prostate epithelial cells but relocates to the cytoplasm and cell membrane in PCa cells 32, 33, 40 . Knockdown of cytoplasmic PTK6 in PC3 cells decreases cell proliferation and migration 33, 39 , while activation of membranous PTK6 promotes EMT by activating AKT 41 . Higher expression of PTK6, its altered localization, and activity in PCa indicates that it may be considered a therapeutic target 32, 40 . Activation of PTK6 has been shown to promote invasive PCa induced by the loss the PTEN (Phosphatase and tensin homolog) 34 . In this study, we demonstrate that PTK6 is targeted by miR-214, a tumor suppressor microRNA. We previously demonstrated that miR-214 is downregulated in PCa tissues when compared with benign adjacent tissue 19 . A tumor suppressor role of miR-214 has been demonstrated in multiple cancers such as gliomas, bladder, colorectal, esophageal squamous cell carcinoma, and hepatocellular carcinoma 21, 22, 25, 27, 28, 31, 56, [60] [61] [62] . miR-214 modulates drug sensitivity in breast and cervical cancer cells 24, 26, 30, 63 . Using cell cycle analysis and cell proliferation, colony formation, and invasion assays, we confirmed that miR-214 overexpression suppressed PCa cell progression by downregulating PTK6. We must note that miR-214 may target several oncogenic molecules such as BTK and PTK6 (this study) and may exert its effect by targeting multiple genes.
Ibrutinib (IBT), is a therapeutic drug approved primarily for liquid malignancies that targets Bruton Tyrosine Kinase (BTK). BTK is aberrantly expressed in PCa tissues and cells and promotes PCa cell growth 64 . In this study, we also demonstrate that IBT targets PTK6 which as described earlier is also a potential target in PCa. IBT also targets Fibroblast Growth Factor Receptor 2 (FGFR2) 65, 66 and mutant-Epidermal Growth Factor Receptor (mut-EGFR) 67, 68 in cancer cells. In addition to PTK6, we also observed modest inactivity of FYN, another Src kinase, which plays an important role in cancer as well as diseases of the central nervous system 69, 70 . Through this study, we have added PTK6 to the list as a new target for IBT. IBT approved as a treatment in patients with B cell malignancies, is associated with high response rates in patients with relapsed CLL and MCL [43] [44] [45] . IBT may also be of benefit to patients with PCa since it is known to target BTK and as shown here to target PTK6, both of which are highly expressed and promote tumorigenesis in PCa.
In conclusion, we demonstrate that miR-214 decreased cell proliferation, migration, and invasion, by repressing PTK6 expression and activity. Together, our data suggest a possible role for miR-214 regulation of gene expression in PCa progression and miR-214 could be explored as a potential therapeutic target in PCa. Western blotting. Western blotting was performed as described previously 71 . After transfection with miR-214 or NC mimic for 48 h, cell lysates were prepared from RWPE-2, PC3, DU145, MDA-PCa-2b, and LNCaP cells using lysis buffer (Cell Signaling Technology, Danvers, MA) containing a protease inhibitor cocktail (Roche, Indianapolis, IN). Cell lysates were also prepared from RWPE-2, PC3, DU145, and MDA-PCa-2b cells after transfection with empty vector or PTK6 plasmid for 24 h. Protein concentrations were determined using the Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA). Cell lysates (40 µg) were separated on NuPAGE 4-12% Bis-Tris-SDS gels (Invitrogen) and then transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA). The membrane was blocked in casein blocking buffer (1×) (Sigma-Aldrich, St. Louis, MO) and incubated with primary antibodies against cleaved PARP, PTK6, E-Cadherin, N-Cadherin, and GAPDH (Cell Signaling Technology) overnight at 4 °C. The following day, membranes were washed and subsequently incubated with the appropriate HRP-conjugated secondary antibodies for 1 h at room temperature. Following this incubation, membranes were washed and developed with an enhanced chemiluminescent detection system (Thermo Fisher Scientific, Waltham, MA). (2019) 9:9776 | https://doi.org/10.1038/s41598-019-46170-3 www.nature.com/scientificreports www.nature.com/scientificreports/ Migration assay. The wound healing migration assay was used to evaluate the effect of the miR-214 overexpression on the migratory ability of PCa cells. Cells were first transfected with miR-214 or NC mimic. Next, transfected cells were plated, and the cell monolayer was scraped using a micropipette tip (A 0 ). At 24 h post-wounding (A 24 ), cells were photographed, and the migration gap length was calculated using ImageJ software. The percent wound closure was calculated using the formula [(A 0 -A 24 )/A 0 ] × 100. All analyses were performed in duplicate with three independent experiments. Invasion and 3D spheroid assays. The effect of miR-214 overexpression on RWPE2 and PCa cell invasiveness was determined using Cultrex Basement Membrane Extract (BME) Cell Invasion Assay Kits and the 3D Spheroid BME Cell Invasion Assay (R&D Systems, Minneapolis, MN) following the manufacturer's instructions. For the Matrigel invasion assay, miR-214-or NC-transfected PC3 cells were re-suspended in RPMI 1640 serum-free medium (1 × 10 5 cells/well) and seeded onto the upper compartment of the chamber. This upper compartment was pre-coated with BME to form a matrix barrier in a 24-well plate. RPMI medium containing 5% FBS (0.6 ml), which acted as a chemoattractant, was added in the lower chamber. After 48 h, the invading cells present on the lower surface of the filter member were stained with Calcein-AM and incubated for 2 h at 37 °C in a cell culture incubator. Invading cell-associated fluorescence intensities were measured with a FluorStar Omega microplate reader using 485 nm excitation and 520 nm emission. The number of invading cells on the lower surface of the filter membrane was also observed and photographed using a Nikon TE-2000-E fluorescence microscope.
For the 3D spheroid assay, 3,000 transfected cells were re-suspended in 50 μl spheroid formation ECM solution at 24 h post-transfection, pelleted in 96-well round bottom plates, and then incubated at 37 °C for 72 h. On day 3, serum-supplemented invasion matrix was added to each sphere, and images were acquired using a Nikon TE-2000-E microscope. After incubating for 7 days at 37 °C, cell invasion was observed, and images were taken. The area of each spheroid was measured on days 3 (pre-invasion) and 10 (post-invasion) using ImageJ software (NIH). The difference was used to calculate the total area of cell invasion. Results are presented as the mean ± SEM from three independent experiments.
Real-time quantitative PCR (RT/qPCR).
Total microRNAs from RWPE-2, PC3, DU145, MDA-PCa-2b, and LNCaP cells or cells transfected with NC or miR214 mimic were isolated using the mirVana microRNA Isolation Kit (Thermo Fisher Scientific). Total microRNAs (10 ng) were reverse transcribed using primers specific for miR-214 and U44 (Assay IDs 002306 and 001094, Applied Biosystems, Carlsbad, CA) and TaqMan Reverse Transcription reagents (Applied Biosystems). Expression of miR-214 and U44 was quantified by RT/qPCR using TaqMan PCR master mixture and Taqman expression assay primers, where U44 expression was used as an internal control.
The effects of miR-214 or NC mimic transfection on the expression of PTK6 mRNA were analyzed by RT/ qPCR. Briefly, total RNAs from RWPE-2, PC3, DU145, and MDA-PCa-2b cells were isolated using TRIZOL Reagent (Thermo Fisher Scientific). RNA (1 µg) was reverse transcribed using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems). cDNA was incubated with Power SYBR Green PCR master mix (Applied Biosystems) and PTK6 forward 5′-CCTCTCCCATGACCACAATATC-3′ and PTK6 reverse 5′-GAGAATCCCAAAGGACCAGAC-3′ primers. GAPDH was amplified as an internal control using GAPDH forward 5′-CCACCCAGAAGACTGTGGAT-3′ and GAPDH reverse 5′-GTTGAAGTCAGAGGAGACCACC -3′ primers. The PCR mixtures were run on a QuantStudio-3 PCR System (Applied Biosystems) using relative quantitation according to the manufacturer's protocols.
Luciferase assay. PC3 cells were seeded onto 96-well plates and transfected with 1 µg of PTK6-3′UTR-Luciferase reporter construct for 18 h. Cells were then transfected with 50 nM miR-214 (wild-type), or miR-214 (mutant) mimic or NC mimic for an additional 24 h. Transfected cells were lysed, and luciferase activity was measured using the light switch assay system (Switchgear Genomics, Carlsbad, CA) following the manufacturer's instructions.
Immunofluorescence. For immunostaining, PC3 cells (1.5 × 10 5 ) were grown on coverslips in 6-well plates and transfected with custom Cy3-labeled NC or miR-214 mimic (Bioneer, Oakland, CA) for 48 h. Cells were washed with PBS, fixed with 4% paraformaldehyde for 15 min, then cells were blocked with 2% bovine serum albumin for 1 h and incubated with anti-N-Cadherin, and anti-E-Cadherin rabbit primary antibodies (diluted 1:200) at 4 °C for 18 h. For PTK6 staining, transfected cells were fixed and permeabilized with 0.25% Triton X-100 for 15 min and cells were blocked and incubated with anti-PTK6 rabbit primary antibody (diluted 1:200) at 4 °C for 18 h. Cells were washed twice with PBS and incubated with Alexa-Fluor ® 488-conjugated fluorescein-labeled anti-rabbit secondary antibody (Invitrogen). Following immunostaining, cells were mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA) containing a nuclear DAPI (4′,6-diamidino-2-phenylindole) stain. Images were captured by confocal microscopy using a ZEISS LS 800 microscope.
In vitro kinase assay. The effect of ibrutinib on kinase inhibition was performed using an in vitro kinase assay (Luceome Biotechnology, Tucson, AZ). For each kinase assay, Cfluc-Kinase and Fos-Nfluc were translated using a cell-free system (rabbit reticulocyte lysate) at 30 °C for 90 min. The lysates (duplicates) were first incubated with DMSO or 1 µM ibrutinib for 30 min at room temperature and then incubated with a kinase-specific probe for another hour. After incubation, luciferase assay reagent (80 µl) was added, and luciferase activity was measured using a Luminometer. The percentages of kinase inhibition were determined as described previously 47 .
